ABSTRACT This paper presents the design and development of a new microinjection system with force sensing for automated multi-cell injection in genome editing of zebrafish using the CRISPR/Cas9 system. In comparison with the traditional approach, it achieves a high injection speed and high precision of operation, which leads to consistent quality and high survival rate of the injected cells. One unique feature is that force sensing is employed to determine the exact moment when the cell membrane is pierced, which contributes to the protection of the cell from damage. Moreover, a new cell holding device is designed to immobilize the cells, which speeds up the multi-cell microinjection process by eliminating the use of conventional vacuum holding pipette. The system implements the object detection by machine vision algorithm along with position/force regulation. The machine vision is realized by combining the pyramid template matching algorithm with Kalman filter, which reduces the computation time and facilitates real-time control. The experimental studies are conducted to verify the performance of the developed system. Results demonstrate the reliability of the robotic microinjection system, which offers a more consistent injection quality and higher viability of cells over the skilled human operator.
I. INTRODUCTION
Cell microinjection is the process of injecting extraneous material into a biological cell. It plays a crucial role in gene editing, intracytoplasmic sperm injection (ICSI), drug delivery, etc. The cells in biology can be classified into two types including adherent and suspended cells. This paper is focused on the injection of suspended cells. In majority of biomedical engineering laboratories, the microinjection operation of suspended cells is currently conducted by skilled human operators, because it is the simplest method to achieve micro-scale operations, such as cell selection and drug injection [1] , [2] . The advantage of manual operation lies in that the operator can detect the emergency situations and know how to solve the problems (e.g., removing dead cells, selecting a position
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that is more close to the fertilized egg for drug injection, etc.). However, the shortage of manual operation mainly includes nonrepeatability, low precision, and high cost on operator training [3] , [4] . To overcome such issues, robotic technologies have been employed to automate the operation, such as drug injection [5] , [6] , cell translation and rotation [7] , pickand-place operation [8] , [9] , and so on. The reason lies in that robotic devices exhibit several advantages in micro/nanoscale operation in terms of high precision, no-rest operation, low training time, and liberation of human labors [10] .
The conventional robotic microinjection system realizes the cell injection by using stand-alone motion control without considering the injecting force [11] , [12] . Recently, it has been demonstrated that the force regulation is important to reduce the injury of the injected cell [13] . Microforce sensing is beneficial for the cell microinjection process by providing the real-time force signal [14] . Traditionally, the microforce sensing is implemented by vision-based approach [15] , [16] . By monitoring the deformation from the acquired images, the force can be calculated via a cell model. Although vision-based position sensing is fine for motion control purpose, vision-based force sensing exhibits several disadvantages. For instance, a vision-based force sensor is heavily dependent on the availability of suitable cell model, and a priori knowledge of the cell mechanical properties should be generated before estimating the force [17] , [18] . However, establishing and identifying reliable mechanical models for different kinds of cells are impossible, as the mechanical behavior of soft cells is complicated (e.g., viscoelastic, elastic, nonlinear, and time-varying). Different types of microforce sensors have been developed by researchers, as reviewed in the previous work [19] . Nevertheless, no suitable commercial force sensor is available at the market for microinjection operation [20] , [21] .
In the literature, several custom-built force sensors have been reported for the use in cell microinjection. For instance, Lu et al. [20] have employed a micropipette which is glued vertically on the end of a cantilever-type piezoresistive micro-force sensor for cell penetration. However, foreign material cannot be delivered into the cells by such device. In addition, a force sensor using simply supported polyvinylidene fluoride (PVDF) beam structure has been introduced by Xie et al. [22] , [23] , where the cell injection approach based on force control is developed to regulate the penetration force. However, the aforementioned work is aimed at single cell microinjection and the cell immobilization is not considered explicitly. To implement multi-cell injection, a suitable cell holding device is demanded to immobilize the cells for a reliable cell injection. The conventional method employs a vacuum pipette holder, which is able to hold one cell at a time [24] , [25] . To speed up the injection process, several multi-cell holders have been presented to immobile a batch of cells at the same time. For example, Huang et al. [26] have proposed a circular-shape cell holding device with concentric grooves. Lu et al. [27] have designed a cell holder using a well array with through-holes. However, negative and positive pressures are required to immobile and release the cells via sealed chamber, which demands an extra precision vacuum pump.
To this end, an automated microinjection system is developed with custom-built microforce sensor for automated injection of multiple cells in this work. Specifically, the force sensor is designed based on piezoresistive strain-gauge, which is more stable than PVDF in static force measurement in microinjection. A new cell holding device is proposed to immobile multiple cells simply in V-groove array. In comparison with existing designs, the presented cell holder provides a low-cost and effective approach for immobilizing cells without using an extra vacuum pump. An entire microinjection system is developed which is capable of auto-searching and detecting target cells, injecting drug into cells, judging whether the cell is injected or not, and protecting the cell with force monitoring. The designed piezoresistive strain-gauge force sensor is employed to measure the injecting force during the cell membrane piercing process. The force signal is adopted to guarantee that the cell will not be damaged during the injection process. A machine vision algorithm which combines pyramid template matching and Kalman filter is proposed to detect the target cell, which increases the object matching speed while keeping the accuracy. By integrating the cell holding device with the automatic cell searching method, the developed system is capable of injecting more than 200 zebrafish embryos in one setup. Experimental studies have been performed to demonstrate the superior performance of the developed system in comparison with skilled human operator (with over three years' experience) for microinjection task.
The major contribution of the paper is the development and application of a new force-sensing microinjection system for automated injection of multiple cells dedicated to genome editing of zebrafish. Unlike the authors' previous work [13] , a comprehensive microinjection system has been developed in the current work. Moreover, a new cell holding device is proposed to immobile multiple cells simply in V-groove array, and a combined machine vision algorithm is introduced to reduce the processing time. The following parts of the paper are organized as follows. Section II presents the system development process. The machine vision approach for object detection is implemented in Section III. Section IV outlines the experimental studies and results. Section V concludes the paper.
II. SYSTEM DEVELOPMENT AND EXPERIMENTAL SETUP
A computer-aided design (CAD) model of the designed flexure-based compliant injector is shown in Fig. 1(a) . It is driven by a stack-type piezoelectric actuator (PZT) [13] . In addition to the role of motion guiding, the injector mechanism also functions as a displacement amplifier in order to amplify the output stroke of the PZT. The glass pipette is supported by a cantilever type of microforce sensor, which is designed to measure the injecting force of biological cell. The PZT is introduced to provide a rapid piercing motion for the cell without excessive deformation, which is benefit to the improvement of cell's survival rate.
For a reliable cell injection, the cells to be injected need to be fixed firmly. The mostly employed method is the vacuum pipette, which is able to hold one cell at a time. Considering the convenience and versatility, a new cell holder with grooves is fabricated (see Fig. 1(b) ) to immobilize the cells in this work. As shown in Fig. 1(c) , several grooves with triangular cross-section are fabricated on the cell holder. The depth of the grooves is designed according to the diameter of injected cells, such that the cells will not move when the injection pipette pierces into them. To make full use of the space, the cells are placed closely line by line in the petri dish. The fabricated prototype and experimental setup are shown in Fig. 2(a) . In comparison with existing multi-cell holder designs [26] , [27] , no extra negative and positive pressures are required to immobile and release the cells, which provides a more cost-effective approach. The fabrication of the system components is presented in the following.
A. FABRICATION OF THE SYSTEM COMPONENTS 1) FABRICATION OF MICROPIPETTE
The micropipette is fabricated by heating and pulling borosilicate glass capillary tubes (model: 1B100-4, from World Precision Instruments, Inc.) with a micropipette puller device (model: Flaming/Brown P-1000, Sutter Instruments, Inc.).
2) FABRICATION OF FORCE-SENSING INJECTOR
The flexure-based compliant injector mechanism is fabricated with Al 7075 alloy via the wire-electrical discharge machining approach. The Al alloy material is chosen owing to its relatively high elasticity and light mass density. The force sensor is constructed by gluing a piezoresistive strain gauge on the surface of a PVDF film. The piezoresistive sensor is used owing to its high sensitivity, and PVDF film is adopted to provide balanced stiffness and compliance for the sensing element. Although PVDF film can also provide a force sensing signal, the dynamic force sensor is not suitable for the measurement of microinjection force and sophisticated electrical circuit is needed to process the dynamic signal output of PVDF. While the implemented piezoresistive sensor is able to offer a stable measurement of the cell injection force.
3) FABRICATION OF THE CELL HOLDER
The proposed cell holder is fabricated using agarose rather than glass material. As a polymer material, agarose has been frequently employed in biological cell experiments. Such soft material can prevent the cell from damage and provide the cells with nutrients if necessary. The melting temperature of agarose is 90 − 95 • C, and it forms a semi-solid gel when the temperature drops to 34 − 38 • C. It is an ideal inert carrier. Considering the convenience and versatility, the cell holder is fabricated using agarose material. By adopting agarose material and a pre-designed mold, such cell holder is easy to fabricate. Agarose is hydrophilic and almost completely free of charged groups, and it rarely causes denaturation and adsorption to sensitive biological macromolecules.
4) HARDWARE COMPONENTS OF THE SYSTEM
The microinjection system has been developed by using the hardware components as described below. (a) (a) A custom-built microinjection device with a piezoelectric stack actuator and a piezoresistive force sensor. More details can be referred to [13] . 
B. PREPARATION OF CELLS AND INJECTED MATERIAL
Zebrafish embryos are adopted as biological cells in this work. The zebrafish embryos have been prepared according to the standard procedure.
Clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) was originally discovered as part of the acquired immunity in bacteria and archaea. Recently, it has been developed as an effective approach for genome editing. The CRISPR/Cas9 system contains a single guiding RNA (sgRNA), which can recognize and bind the specific DNA sequence when assembled with the Cas9 endonuclease. The Cas9 enzyme will then cleave the bound DNA at the upstream of the protospacer adjacent motif sequence, leading to the mutation of the targeted DNA sequence [28] .
In experimental study, the sgRNA and Cas9 mixture is injected into Zebrafish embryos to increase the rate of its gene mutation by cutting the gene sequence. With only the cutting and repairing operations, but no genes inserted, there will be a higher mutation rate of fertilized embryo. The new beneficial traits coming from the Zebrafish mutation is what we need in the concerned experiments. In this work, the drug dose of 2.2 nL is injected to every cell. The tip diameter of the adopted injector is 1 µm and the depth of injection is set as 700 µm.
III. DEVELOPMENT OF MACHINE VISION ALGORITHM AND CONTROL ALGORITHM
In order to realize automated cell injection precisely, the location of the cells must be obtained by sensors. For that, machine vision is adopted to provide the cell location [29] . As one of the popular pattern matching algorithms in machine vision, the template matching method is employed in this work to locate the cells and injector tip. The main idea of pattern matching is to compute the difference between each position of a target image and a given template image [30] , [31] . The positions which give the lowest difference are considered as the matching result.
In view of the computational cost of such algorithm and the requirement on real-time locating, optimization schemes are needed. In this work, the Kalman filter (KF) and pyramid template matching (PTM) are combined to locate the objects. Specifically, the KF minimizes the searching region and the pyramid template matching algorithm further reduces the computation load. Once an uninjected cell is detected, it will be translated to a specified location where the injector tip can pierce with the help of cell-searching algorithm. The proportional-integral-derivative (PID) motion controller is applied in this phase for increasing the positioning accuracy and speed. The work flow of entire microinjection system is given in Fig. 3 .
A. PYRAMID TEMPLATE MATCHING (PTM) ALGORITHM
Template matching method compares the difference between the object's image and template image. The measure of sum of squared differences (SSD) can be represented by [32] : Using Eq. (1), a matrix is calculated, whose elements contain the matching differences at each position. If one or more matching points give rather low values, the corresponding positions are taken as the matched position.
In practice, there are some issues of computational cost and energy problem. The energy problem lies in that if the brightness of the object image changes, the matching method will give totally different results, which reduces the reliability of the algorithm. In order to overcome such problem, the normalized cross correlation (NCC) is employed as follows [33] .
The computational result of Eq. (2) can be regarded as a matrix, whose elements correspond to the matching results at the location. Because the areas that match the template will not be a single point and several points may be very close to each other, the duplicate locations are removed. Moreover, if multiple objects are searched in the image, there will be more than one group of points. In such cases, only the point with the highest value in each group is needed. As mentioned above, Eq. (2) costs too much calculation time. Thus, the pyramid algorithm is employed, which is an optimization method for reducing the computational load of template matching. This algorithm transforms the matching image and the template image into several different sizes, and the smallest pair is computed first. In the smallest pair, the overall computational load is low, and a coarse position of the object is given. In the next larger pair, only the region that is close to the given position will be matched. Through such a coarse-to-fine process, the original image pair is matched. This algorithm reduces the computation cost of the matching by ignoring most of the area which does not match the template in the lowest resolution image [34] .
Assume that a pyramid transfer equation is given by f (x) = 1/2 x , which represents the transfer size of every matching image pair. If the original matching pair is set as number 0, and the image size is described by S I 0 and S T 0 . Then, the image size of the matching pair with number n is calculated as:
Based on Eqs. (3) and (4), the pair of pyramid matching image can be generated. Next, the PTM process for a single object detection is presented as follows. In step (III-A), the location of every point can be restored into a region, because when the ith image is generated, every pixel of the image comes from more than one pixel, and a region will be given when this transform is reversed.
B. KALMAN FILTER (KF) DESIGN
The KF is a widely employed adaptive filter which optimizes the parameters with iteration process [35] . With the help of the predicted estimate states and observation status, the system's real states can be estimated by the KF [36] . In this work, a 2-D KF is employed to predict the object's position for minimizing the detection time and reducing the detection noise.
As the object moving path in the tracking system is continuous in practice, its next position can only lie in a limited region. This region is mostly smaller than the field of view of the microscope. Thus, the KF, which filters the input data with an adaptive prediction equation, is a useful tool for the automated cell injection system in this work. The KF predicts the next possible location of the object and filters the object's location after running the PTM algorithm. The filter works for reducing the detection noise and avoiding the influence of mis-detection. At the end of the calculation process, the KF will upgrade itself to improve the performance.
The object movement function can be represented by: 
which is called the state transfer equation [37] . Then, let Q represent the covariance of the process noise. The estimate covariance P p in KF can be predicted as:
Eqs. (5) and (7) are the prediction functions, which predict the object's position and system estimate covariance. Afterwards, the searching ROI for the PTM can be given, and the object is located by running the matching algorithm. If the object is located, then its position z = p x p y T will be sent to KF for filtering. By combining the predicted system estimate and the detected location, the system estimate X u and estimate covariance P u can be updated by:
where I is the unit matrix and H = 1 0 0 0 0 0 1 0 is called the observation model. It governs the relationship of the transform between X and z by:
where K is called Kalman gain, which can be obtained by
where R is the covariance of the observation noise. Its value can be obtained by conducting preliminary experiment. Then, one iteration process of the KF is finished. The five equations of KF can be divided into two partsthe prediction part (see Eqs. (5) and (7)) and filtering part (see Eqs. (8), (9) , and (11)). At each iteration of KF, the Kalman gain is computed by the predicted covariance estimate and observation noise covariance (see Eq. (11)). Then, the detected location from PTM is combined with the predicted estimate state using Eq. (8). The computational result, i.e., estimated state, contains the finally filtered object location. The covariance estimate is also upgraded based on its prediction and Kalman gain by Eq. (9) . Hence, the filtering part is completed. Afterwards, the next estimate state is predicted based on the previous state by Eq. (7). This state contains the predicted next location of the object, and will be sent to PTM for generating the matching ROI. The estimate covariance is predicted with Eq. (7) . Thus, the current KF iteration is finished.
C. PROPOSED IMAGE PROCESSING ALGORITHM DESIGN
In this work, the PTM is combined with KF filter to speed up the image processing speed. As mentioned earlier, the KF is divided into two parts. The prediction part gives the object's position based on the previous movement path. This predicted position is set as a center of the object detection ROI. So, the PTM can start to search the object in this ROI, and the corrected position of the object will be sent to the KF for noise minimization, once the object is detected. Afterwards, the object's position is used by the controller for motion control. Meanwhile, the parameters of KF will be upgraded for a better performance of prediction and filtering.
IV. EXPERIMENTAL RESULTS
In this section, experimental study is carried out to inject a batch of cells using the developed automated cell microinjection system.
A. CALIBRATION RESULTS
Assume that the distortion coefficient of the employed camera is 0, the transformation matrix T between the camera coordinate and the world coordinate can be simply represented by:
where X w = [x w , y w , 1] T is the location of the object in the world coordinate, and X c = [x c , y c , 1] T is the location in the camera coordinate. To obtain the transformation matrix T , a cell is placed in the field of view. Then, the cell is positioned to track a circular trajectory by driving the XY positioning stage. The circle path is selected to cover the camera's field of view as large as possible to minimize the calibration error arising from the image distortion. As shown in Fig. 2 While the object is fixed at a given location, the locations obtained by the object detection algorithm are recorded and counted as shown in Fig. 2(e)-(f) . It is observed that the object detection noise follows a normal distribution in both x-and y-axes. The standard deviations are σ = 1.918 × 10 −4 µm and σ = 2.136 × 10 −4 µm for x-and y-axes, respectively. Thus, the 2σ resolutions [38] of detection are calculated as 0.3836 µm and 0.4272 µm for the x-and y-axes, respectively.
In this system, the employed piezoresistive force sensor is based on semiconductor strain gauge, which provides analog voltage signal output by a half-Wheatstone bridge circuit. It is assumed that the relationship between the piercing force and voltage output is linear. Thus, the force gain can be calibrated by using a commercial force sensor with force signal output. The relationship is given as
where a 1 and a 0 are the coefficients of the linear function, and v is the output voltage of the strain-gauge force sensor. In the calibration experiment, the force signal (from commercial force sensor) and strain-gauge output signal are acquired as shown in the Fig. 2 
B. CELL LOCATING RESULTS WITH MACHINE VISION ALGORITHMS
To demonstrate the performance of proposed combination approach (PTM+KF) for locating the cells, experimental study is conducted to compare the performances of PTM, KF, and PTM+KF methods. In these experiments, the cells in petri dish are supported and translated by the XY positioning stage to move along a given trajectory. For illustration, a circular trajectory with the diameter of 100 µm is planned to be completed in 20 s. A frame rate of 15 fps is implemented. The time required by each algorithm in every step is recorded and depicted as shown in Fig. 4 .
As compared with the original PM approach which requires an average calculation time of 814.79 ms, both PTM and KF algorithms significantly reduce the average computation time to around 43 ms. Relatively, the KF method is more stable than PTM, as KF leads to a smaller standard deviation (5.36 ms) than the PTM result (7.70 ms). Moreover, the proposed PTM+KF approach further reduces the average computation time to 29.85 ms with the standard deviation of 11.00 ms. Hence, in comparison with individual PTM and KF algorithms, the combined PTM+KF algorithm reduces the average calculation time by 30%.
C. CELL DETECTION AND SEARCHING RESULTS WITH MACHINE VISION BASED FEEDBACK CONTROL
The cell-searching process is realized in two steps, i.e., the pre-searching and object alignment. The pre-searching procedure is used to translate the petri dish by following a generated path (see Fig. 5(a) ), and to match the overall searching region of interest (ROI) for determining whether a cell comes into the field of view by the detection algorithm. This procedure is run until a new cell is detected or all of the searching paths have been finished. The petri dish translates with small steps while the object detection algorithm finds the cell from the captured image. If a cell is detected, the petri dish will stop translating and the alignment algorithm begins. The alignment algorithm is implemented to align the cell's position to the place that faces the injector tip. In order to align the object cell reliably and efficiently, a 2-D PID closed-loop controller (for x and y positions) is adopted along with the object detection algorithm. The detection algorithm calculates the distance between the cell and the object location as the input of PID controller, and the PID controller drives the XY positioning stage (supporting the petri dish) in a closed-loop way. The control action is expressed as follows. These steps are run several times to ensure that the alignment error is reduced. Aiming at a better adaptability, VOLUME 7, 2019 the special situations (such as object lost, cell line shift, and auto-stop) are treated as follows.
1) OBJECT LOST
In practice, there may be some scenarios where the controller works wrongly or the object (cell) is mis-detected, such that the object is lost even if the pre-searching process locates a new object. The object lost function will lead the system to search a new cell if the object detection algorithm cannot find a cell from a specified number of continuous frames of the image in the cell alignment process.
2) SHIFT OF CELL LINE
When all of the cells in the current line have been injected, the line shift function leads the next line of cells in the petri dish to the field of view. Once the petri dish (driven by an XY positioning stage) moves out of the up and bottom limits of each line, it can be determined that the current line of cells are injected completely, and the next line of cells need to be moved into the field of view. Meanwhile, the searching direction will be turned into the opposite direction.
3) AUTO-STOP
Every time when the function of cell line shift is triggered, the auto-stop function works before the move command is sent to the XY positioning stage. In this function, if the count of cell lines is larger than the assigned maximum value, the petri dish will not move to a new line. Instead, the system will be turned to stop status.
As shown in Fig. 5(b) , the maximum searching ROI for object detection in the system is only a part of the microscope's field of view. Limiting the boundary of the searching ROI is a simple and effective method, because the detection algorithm will provide all of the detected objects which match the template.
Referring to Fig. 5(c) , these limitations can be overcome by the following conditions. (a) At least one complete cell can be located for the object detection algorithm; (b) There is enough space for cell alignment; (c) There will be no cases where two cells come into the searching ROI; (d) The cell in other lines will not come into the ROI.
Let H ROI and W ROI represent the height and width of the boundary for the maximum searching ROI. In addition, R c is the average radius of the target cells, and D col is the distance between two cell lines. The limits of the maximum searching ROI can be defined bellow:
Once a cell is injected, it is moved out of the field of view quickly, so as to search the next cell. This also avoids the case that the injected cell is misunderstood as a new target cell by the controller after several moving steps. As the current cell's position and ROI boundary are known, a new position that is a fraction of the object (just out of the boundary as denoted by dotted circle in Fig. 5(c) ) can be given, and its moving distance is easy to obtain. The controller will send a command to XY stage based on the moving step, so that the currently injected cell will just move to the given position. However, if the searching direction is from top to bottom, the boundary will be selected as the bottom one of the searching ROI. Then, the next cell searching process starts. In majority of situations where the cells are placed quite close to each other, the next cell will be located immediately when the previous one is moved out of the field of view. This new cell will be aligned and injected. If no cell is found, the XY stage will be controlled to move quickly until a cell is detected.
D. FORCE-SENSING CELL INJECTION RESULTS WITH MOTION CONTROL
After the cell is translated to the target position, the cell injection operation starts. In this phase, the injector is guided to pierce the cell membrane with force sensing and to inject drug into the cell. Based on the differential force signal, the controller can judge whether the cell membrane is pierced or the injection process fails. If the cell is pierced successfully, the drug injector driver will be triggered. Otherwise, the controller will continue to impose piercing force or stop the piercing and searching for a new cell for injecting. This strategy is used to make sure that the cell is always penetrated.
The overall motion control process of the system is divided into the following steps. The cell injection process consists of three phases, i.e., cell piercing, drug injecting, and injector pulling out. In the cell piercing phase, force sensing is implemented for cell protection and status judgment. During the cell piercing process, the injector is driven to translate at a constant speed until the stop signal is given. The injection force will continually increase if the injector tip touches the cell membrane. If the cell membrane is pierced, there will be an obvious step change signal in the force signal, and a high peak of differential force signal will appear at this moment. However, if the cell membrane is not pierced, the differential force signal will keep in a small range. So, the differential force signal is calculated and fed back to determine whether the cell membrane is pierced or not. The threshold value of differential force is set based on experimental study. Moreover, both injection force limit and injection distance limit are assigned. Such limits will protect the injected cells from being scratched.
The snapshots of the cell piercing process are shown in Fig. 6 . As mentioned earlier, the system searches a new un-injected cell first. If a cell comes into the field of view (see Fig. 6(a) ), the cell will be positioned close to the injector tip (see Fig. 6(b) ). Then, the controller drives the injector pipette to pierce the cell membrane (see Fig. 6(c) ) until the membrane is pierced (see Fig. 6(d) ). In the piercing process, as the cell shape changes, the injecting force starts to increase (see Fig. 7 ). At the moment when the cell membrane is pierced successfully, the injecting force will decrease to zero drastically, which is indicated by the force signal of injection. Once the cell is pierced, the drug material will be injected into the cell. At the end of the process, the injector is retracted (see Fig. 6 (e)), and the searching process of the next cell starts. In the cell piercing process, when the injector is driven to pierce into the cell with a constant speed, the imposed force signal is measured by the force sensor. Fig. 7 gives typical force sensing result and the corresponding differential force signal in the cell piercing process. It is seen that there is a step change in the force signal around 0.704 s, as shown in Fig. 7(a) . At this moment, the cell membrane is pierced and the piercing force reduces to zero instantly. The force signal serves as a good feature to judge whether the cell membrane is pierced or not. In addition, the differential force signal is the indicator of the piercing status, as illustrated in Fig. 7(b) . Thus, if the differential force is larger than the given threshold, the piercing process is considered to be completed and the injection process of the next cell will be conducted. In this work, the judgment threshold is assigned as 2000 mN/s.
E. DISCUSSIONS
The experiment has been repeated by 5 times. In each times of experiment, a batch of 69 cells are injected by the automated microinjection system. For comparison, the same operation is also conducted by a skilled human operator who has more than three years' manual injection experience. The total sample size is 690 and the statistical results are shown in Fig. 8 . The average results of the injection speed and cell viability are tabulated in Table 1 . Results indicate that the developed microinjection system provides the average injection speed of 3.55 s per cell, which is 42% slower than the skilled manual speed of 2.50 s per cell. On the other hand, the results reveal that the automated system achieves the average cell viability of 46.0%, which is 18% higher than the manual operation result of 39.0%. The cell viability is calculated as the ratio between the number of survived cells after injection and the total number of injected cells. Moreover, concerning the cell viability, the standard deviation of the microinjection system's result is 0.37, which has been reduced by 91% in comparison with the manual operation result of 4.24.
Considering that the injection speed of the automated system can be greatly enhanced by employing multiple machines working in parallel, the developed microinjection system is superior to manual manipulation in terms of consistency and viability of the injected cells, which are the key indicators of the cell injection quality. Therefore, the experimental results confirm the effectiveness of the developed force-sensing microinjection system for multi-cell injection task.
Moreover, the proposed cell holder is also beneficial to cell placement. If the designed inclined grooves are close to each other, and then the cells can slide directly into the grooves and achieve self-immobilization. Thus, it is no longer necessary to manually arrange cells one by one. This greatly improves the overall operation efficiency. In the future work, the overall operation time will be considered to reveal the advantage of the presented cell holding device. Additionally, in the future work, the resolution of the force sensor will be enhanced by adopting more sophisticated signal conditioning circuit and the injection speed of the system will be improved by employing more advanced image acquisition and processing hardware.
V. CONCLUSION
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